W

| | ill -4 i [ _
-";ﬁ. ;MA+ -U“'lﬂsmt uuuum'ig}' i

Nl

R

FOR FFPONAUT{CS
TECHIICAL NOTES

725 !926 _

I‘AAILJE@I‘ICNA" ADVISCRY CCMMITTEE FOR AERONAUTIOS :

SREIIR, Y | T
(/'\.. rra 4 ‘ i
/ _

No. 337

PROPELLER DESIGN
A STHPLE SYSTZM BASED ON MCDEL PROPELLER TZST DATA - III

By Fred E. Feick
Langley lemorial Aeronautical Laboratory

ol B >
X0 3 LS QPY
T LL1UIrwdto
the fiies of the Langley S o
Memoriab-Aererrautical ' : '

Loaoratury

Washington
May, 1936



— ——————

HATIOJAL ADVISORY COAMITTEE FOR 4#ERONAUTICS.

TECEWICAL NOTE NO. 237.

PROPELLER DPESIGE
A STIPLE SYSTEM BASED Ol ¥0OD:sL PRCPELLER TEST DATA - ITI.
By Fred E. Weick.

Summary

This report, the talrd of a series of four, describes a
simple system for designing propellers of a standard form.
In this report, the system is based on tects of a family of
model propellers of standard Havy form, the data from which
have been extended by means of calculations to cover the coxn-
plete range likely to be found in practice. However, it can
be worked out for any family having propellers of one general
form. This system can also be applied as given to propellers
of éifferent fcrms by means of form factors. Modifications
are made for full scale flight conditions, i.e., the varticular

tip specd of the propeller, and body or fuselage interfercnce.
Introduction

The full blade element theory is not convenient for tae
designing of propecllers.. Its use involves a great deal of
calculation. PFurthermore, it merely analyzos the characteris-
tics of & wmropecller for a given set of cond tiohg but does not

design onc to fit certain requirements. If a standard fora of

pt
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proveller is to be designed, it is much more convenlent to con-
gsider the characteristics of the propveller as a whole. These
can be vlotted in the form of curves covering the full range of
propellers likely to be used.

The model propeller tests upon which this system is oased
are described in N.A.C.A. Technical Report No. 337, entitled
"Tests on Thirteen Navy Type Model Propellers," by W. F. Durand.
A family of only thirteen Navy models was tested, which neces-
sarily covered but a small portion of the whole range of pro-
pellers of this form. In order to cover all extremes of pitch
ratio, aspect ratio, azd fhickness or camber ratio likely to
be needed in practice, the original fanily was extended by
means of calculations with the blade element theory according
$o the mothod described in i.A.C.A. Technical Fote No. 2336.
This extonded family was then used as the basis from which the
main design curves were drawn.

It is believed that the powers absorbsed Tty standard woold
propellers cen be calculated more accurately than the horse-
vowers of service engines o2n be detemmined in flight, which

i within 4 or 5 per cent.
Use of liodel Data in Design

crzlc I contains a list of symbols used in the following

discussion.

The data .provided the propeller designer are the horsepower
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of tho cngine, the revolutions per minute of the propellcr

shaft, ‘and the air specd of the airplane. Thege comprise the
required performance of thelp;OPellcr with its combination of
airpvlanc ané engine. & non-dimensiomal coefficient involving
the avove factors is / Eefgu This relation is developed in

il.4.0.A. Technical Report Jo. 186 (Rcference 1). t is called

the speed-power coefficient and designated by Xg. In cngincer-

.........

ing units and with the value of p -for standard conditions,

A nomogram for the solution of this equation will be found in

Fig. 8.

Velues of Kg ocan be found for the model test data from

® Cp

{ -
The operating conditions of any propeller are governcd by

the relation,

the air speced, the revolutions, and the propeller diamcter.
Theseo are put into another dirensionlcss coefficient someiimes

called the slip function, or V/nD. Exnressed in engincoring

28 X M.P.E.
ND
If the nominal slip of a prepeller is designated by s,

. v_
= V_ =
1-8=25=35/p -

For voth pufposes of cesign and analysis it has becon found

units, V/nD becomes
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most convenicnt to use curves of constant 1 - & plotted with
V/nD as ordinatcs and Kg as abscissas. 4 series of such
curves can be plotted on one sheet for propellers of varying
P/D. ratio, but of comstant AR and OR. If a separatc grooh
ie drawn for ecch combination of AR and CR, the number rc-
quired bocomes excessive. It is therefore advisable to chart
a singlec scries of constant AR and CR, dnd give cofrections
for AR ond OR in two other charts.

The svced power coefficients for this basic series with
AR =6 ondi CR =1 obteined from the cxtended model tost data
arc called Kg'. Fig. 1 is a chart of X' and V/nD for |
constant valucs of 1 - s. It is plotted on épcci&l logr.ritn—
mic scales for convenience. The variations of X5 from Kg'
for different aspect ratios and cember ratios are charted in
Fig. 2 and Fig. 3, respecﬁively. These threc scts of curves
arc the noin design and analysis tools of this sygtem.

The cfficiecncy curves for the basic series of AR = 6
ond OR =1 ore given in Fig. 4. Corrections to this effici-
cncy feor other aspect and caﬁber ratios are in Figs. 5 and 6.

The uee of the curves is described in the next section.
Procedure in Analyzing the Performance of a Propeller

The anclysis of standard Navy propellers 1s made relative—
1y eimplec in Table IZ. The propeller name OT number, airplene,

cngine, R.P.M., X.P.H., diameter, pisch, AR, and CR are oc—
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L
d toined from the test dnta and the propeller drawing. If the
" brake norsevower 1s not given in the tezt data, it can be ob-
tained foirly accurately from full throttle vower curves for
the type of engine used. The P/D, V/nD, ond 1 - s, are
then calculated as shown_on the form, and the speed power coef-
ficient Xg', 1is obtained from Fig. 1. This is not necessarily
the Kg; for the exact propeller being analyzed, and must be
rmodified for AR and CR. The AR correction is found in
Fig. 3, from a simple curve. The OR' correction is somewhat
more complicated, depending on the slip, the P/D, and the
CR (Fig. 3). First the 1 - s 1is located on the left-hond
gcale and run over to the point where it intcrsects the proper
P/D. "From this point a vertical line is run to the CR curve
® ~and the correction factor is read on the scale to the right.
. The corrected speed powcr cocfficlent for the propéllcr is
then Kg = Kg' X AR cor. X CR cor.
The torque horsenower 1s thon found from. tha nomogram of
the specd vower coefficient equation in Fig. 8. A straight
edge 1s run through Kg and X.2.H. to the reference line.
It is therd run from the point of intersection on the refcrence
line through the R.P.li. and the point where it crosscs the EP.
scale gives the required Q.HP.
- The form factor is a correction to be applied in cases

wherc propellers not conforming to. the standard are used. For

gtandard Navy wood propellers this is always unity and =&y be
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disrcgaricd. Fcr other propellers i+t depends on the plan form,
camber ratic curve, and the distribution of the pitch along the
rading, The Q.EP. nmultiplied by the form factor is called thae
calculated EP. cr C,EP, In thc ctse cf stondard Havy orcpel-
lers, this is of coursc thc some as the Q.HP.

Unlcss the anclysis has beon made for a model propollox
rriithout body cr fuselage intorference, the vrake horsepower of
the enginc should be greater thon the calculated horscpower by
an apnount deovonding on the tip specd, the body intcrfercnce,
and the distortion of the propeller blades in action. The Z4is-
tortion is considered small in standard Navy wood propesllers.
The greatest part of this differcnce in powcr is thought to be

due to o scale offcet whioh varies with the tip spced. +&n ac-—

count of this scale effect is given in K.a.C.ie Technienl Lotco

No. 225 (Reference 2). The data as used for Gesign 2nd analy-
sis work are given in Fig. 7., The ratio of 3.EP./C,HP. "~ found
in the cnalysis should corresvond to that given for the proper
tip spced in Fig. 7.

The efficiency is found by means of Figs. 4, 5, and 5, the
corrected efficicncey being the product of the three values.

Wnon vropellers of cither than standard Movy form arc anal-
vzed, it is soxctimes necessary to use ‘the complete blade clo-
ment theory. _If this is used with the scction characteristics
given in FM.A.C..4« Technical Hote Ho. 2335, the results sheuld de

the scae as if a model of the propcller were tested in a wind
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tunnel. However, if the propeller be bullt of wcod along con-
ventionol lines, and with approximately uniform pitch, the neth-
cd of analysis in Table II can be used with fair accuracy. In
that case the piltch, AR, and CR are based on the sectlon at

75 per cent radius, and are dpproximate average values for she
propcller.

4n exanmple of a standard analysis is showm in Table IZ.

Procedure in Designing a Propeller

Teble IITis used for following through the design of stand-
ard Novy propellers.

The follewing information should be furnished the designer:

1. Airplane and Purpose.

3. Engine.

3. Raoted HP. at above R.P.M.

4. Revolutions per minute.

5. Speed of advance for which:propeller is to he designed.

6. ' Uaximum allowable propeller diameter.

The first step in the design is to determine the aporoxi-
mate dlameter. This is necessary in order to obtain the an-
proximate tip speed upon which the B.HP./(.HP. factor depends,

and approximate 1 - 8 and P/D upon which the CR correc—

tion factor deo%u"ai;im (‘ ") PY

" The anpgpximate agameterumabie obtained from the equation
the files of the Langley
‘Meinorial Aeronautical
Lakoratery
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. . .
D=kX v//;z HP . . The solution of this is facilitated by

X ¥.P.H.

" the use of tne nomogram in Fig. 9, which also gives valuees of

the constant K for various conditions. It may, however, be
prefecrable to judge the diameter by comparison with some ¥nown
propeller operating under similar conditions.

If the maximum a&llowable Giameter is less than the approx—
imate value, the former is taken as the final diameter, and a
slightly different method of orocedure is followed, which is
exvlained later.

With the approximate diameter established, the approximate

V/nD, oz 83 XN%'P'H' is found. This is used %o deteraine

the P/D in Fig. 10. The P/D will vary a considerable amount
depending on whether a high speed, cliMbing, or general sexvice
propeller is desired. In entering the curves in Fig. 10, the |
V/nD should be modified according %o the camber ratio as noted
on the sheet. The reason for this is that the dynamic pltch of
thick propellers is greater than that of thin provpellers, just

a8 the angle of no lift.for thick airfoil sections 1s less than

that for thin sections. The thin sections have their best L/D-.:_
]

at a larger angle of attack, and the thin section propellcrs
work at thelr maximum efficiency at higher slips.
'With the approximate P/D selected, 1 - 5 is found from

the relation v/uD

P/D

1l -~ 8=
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The approximate tip speed in the planc of rotation is thaen

found by means of the equation
Tip specd = wnD = .0534 ND.

This value is used in Fig. 7 %o fin& the ratio of brake
horscepower to calculated horsepvower, modification of the ratio
being made for body interference.

The form factor is unity for Noavy standard wood prOpciiéis.
For other propellers, it depends on the plan form, the cambc:
ratio curve, and the distribution of pitch along the rodius.

The form factor may be found for any propeller of spoecilal shapb
by comparing its power as found by means of the blade clement
theory with that absorbed by a propeller of sitandard form ovor-
ating uader the same conditions.

The Q.HP. is given by the relation

— B‘IP.
Q-HP. = Forn factor X R.HP./C.HP.

and this velue is used in the nomogram of Fig. 8 t0 solve for
Ky, the specd-power coelficient.

Normally, if thc dianmcter is not linmited and if thcfc are
no strongth limitations, it is usually desirablec to dosign pro-
pellers wvith AR =6 and CR = 1. If thoe dinmctor is liumdited,
it nay be nccessary to decreasc the AR c¢r increasc the CR,
or Doth. This necessarily eantalls & decroase in tho cfficiency.

Stroengtk limitations may slso require widening arnd thickening
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thc blade, sormctimes cven neceseifating a chonge in the camber
ratio distrivution.

The AR and CR having been chosen, the corrections are
found from Figg. 3 and 3. The speed power cocfficient for tho‘
basic series proveller (AR =6 and CR = 1) operating at the-
gsame values of M.P.H., K, D, and P, is then found from the
equation

X

Kol = ) 8 _
8 AR correction X OR correction

With Xg' and 1 - & known, the real value of V/nD is
found from Fig. 1.
The diameter is then detecrmined by the equation
~ 88 X M.P.EH.
D 7 .

NXT"’.\-IS

If this diameter is within 5 per cent of the approximate
diameter, it may be considered as final. If the differecnce is
mare than 5 per cent, or 1f cxtreme accuracy is desired, thoe cal-
culations should be repeated, using the calculated diamcter as
the avproximate value in the second computation.

The P/D and pitch are found from 1 - s and the final
V/nD.

Considering the case where the diameter is limited, it is
fixed to start w;th, and cne solutlion only is required. The
final value of V/nD is fixed at the veginning, as is the tip

spced. The same steps are taken as in the orevious casc up to
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and including the solution of K5 in Fig. 8. Then K ' 1is
found frow Fig. 1, using the values of V/nD and 1 - s.
The AR and OCR rwust make up the difference betweoeon

Kg and Kg' as determined by the relation

AR correction X CR correction = %ﬁ‘
&

This difference may ve compensated for by either decreasing
the AR or increasing the CR, there belng little choice until
AR=5 or OR= 1.2 is reached. It is not usually desireble
t0 design two-bladed propellers with aspect ratios of less than
4.5 or B, or four-bladed propellers with aspect ratios greater
than about 3.5. As three—-bladed wooden propsellers are not
practicable, to make or mandle, the OR should be so chosen
that asvect ratios of 3.5 to 4.5 or 5.0 can be avoided. TWith
the scelcetion of the AR and CR the design is cormpletcd.

An cxemple of a standard propeliér"desigg is given in
Table III. T

Conclusions

The method of propeller design described in this note has
been uscd with very satisfactory results in the Bureau of Aero-
nautics, Favy Departnent. With its use the time required for
designing a staﬁdard proveller has been reduced to 2 nininun.
This is because the characteristics of propellers as a whole

are considered instead of the properties of their various sec-
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tions. The systom is above tho average in accuracy duc to the

quansity of teet data available on standard Navy Propelloers.

1. Diehl, Welter S. :

2. Weick, Fred E. :
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TABLE I.

Exolanation of Tems

D - Diamecter of propeller in feet.

P - Geometrical Pitch. Distence prOpeller-will_advance'in ore
revolution without slip, in feet. Uniform pitch indi-
cates same pitch at all radii.

R - Tip Radius in feet = IB—’

r -~ Radius of any section of promeller in feet.

~ Maxirum blade width in feet.

b - Blade width at any section in feet.

AR - Aspect Ratio. For the whole propeller as used in design-
ing, AR = D/OB. For one blade, as used in stress calcu-
lations, AR = R/C.

CR —~ Comber Hotio of propeller blade as a whole. This is the
ratié of the thickness of the entire propellsr bloie to
that of a standard blade, the variation of thickness
along the radius being the same for all blades. (The
standard variation of section thickness ratio along the
radius is shown in Fig. 11. A propeller having this
distrivution of thickness ratio is said to have a—camgéf“
ratio of 1. If the curve is increased by 10 per cent at -
every point, the camber ratio, or CR, is 1.1.)

B - Number of blades in propeller.

V -~ Velocity of airplane in f%./sec.

I
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TABLE I (Cont.)

Velocity of airplane in m./hr.

Revolutions of propeller per second.

Revolutions of proveller per minute.

Prake horsepower of engine.

Torque horsepower — calculated or equivalent model
horsepower without considering form factor.

Calculated horsepower considering fomrm factor. This
power differs from the B.HP. by an amount depending
on the tip speed, fuselage interference, ani distor-
tion of the propeller.

Thrust horsepower.

N - Efficiency.

Iyy - iaximum upper camber of section.
hy, - Uaximum lower camber of sectiom.
h/b - Camber ratio of any section.

Gp ~ Power coefficient of propellex.

= P 5
Gp B-B? D

where P = power in ft.1b./sec.

Speed-power or performance coefficient of propellers.

=]
Ky = RVE g%i}
Pn® )

Specd-power coefficient for propellers of AR.% 8 and

CR = 1.
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TABLE I (Cont.)

& -~ nominal slip, based on the relation 1 - s = g%.
p - lMass density of air. This may be taken as .00237 for

sea level and standard atmosphere.
Tip speced --The distance traveled by the tip of the propcller
in unit time in the plane of rotation.
Tip speed = 7 nD = .0534 KD ft./sec.
Rotation - A right-hand propeller turns clockwise and a left-—

hand propeller turns counterclockwise when viewed

from a point in the slip stream of the propecller.
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Standard Propeller Analysis

Propellgr

Airvlane

Enginc

B.H?. (from Engine data)
R.P.4.

M.P.H.

Diameter in feet

Pitch at 75% rad. in feet
AR = 9.5 B(ft.)
T B X b(in.)at 75% rad.
OR = ——=it— for 75% rad
- .107 v < ’
P/D
Y _ 88 x u.P.H.
nD 71D
- Y /B
1 g = nD/D

Kg' from Fig. 1
AR correction from Fig. 2

CR correction from Fig. 3

Kg = Kg' X AR cor. X CR corz.

%.HP. from Fig. 8
Form factor, Fig. 13

Corrected G.EP. or C.HP.

INo.

DT-4
-3
545
1830
1138.23
10.0

1.17

.951
1.11

465

465

631 )

& Information rcquired.

P

[ Steps in lhelysis
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TABLE II (Cont.)

17

tw
&

C.HP.

Tip speed in ft./sec.

.0524 WD
Efficicney!
AR correction
OR correction

Correctecd Efficiency

1.17

!
|
|
960
. 739
1
.995{
L7351
—

>>* These should check

the curve in Fig. 7
within 2%.
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TABLE III.
Standard Propeller Design
Type of Propcller - wood. Final dia. =8.28 ft. AR =7

Enginc - J-4. Ailrplane - U0-1. Final pitch=6.11 ft. CR = 1.2

Approx. Final Approx. Final
B.73Ps 200
R.P... . 1800
i.P.H. 120
Approx. dia. (Fig. 9) 8.2
v gaxul.?. He : ~
Kom— == Sl S0, .
Appro 0 ° ) 716
Approx. % (Fig. 10) .7486
= VP &
1 -8 nD/D 96

Approx. Tip Speccd = .0524 ND 775

B-HP. (= ,
o EE. (Fig. 7) 1.08
Form factor | 1
Q.KP. = Bl s 185
Form factor X C.HB.
Ky (Fig. 8) 3.07 ,
AR 7
AR corrcction, Fig. 3 1.078
CR * 102

CR correction, Fig. 3 _ .90



N.i.C.\. Technical Hote Nc. 2337 19

TABLE IIT (Comnt.)

Avprox. Final ADDTOX. Final
. Kg .
Kg' = AR cor. X CR cor. 2-14
Y opige .7
— Fig. 1 1
D —_ 8‘8 X M-PGH- 8-26 f‘b.
¥ x L
nD —
P_ X _ 74
D nh . 7
1-s
P=DxZ 6.11 f+%.
D
g R
Notes _ ;ig;?e
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AR correction factor = Ks/Kg'
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Pig.23 Aspect ratio correction factor for Kg
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Fig.1l0 Combinations of P/D and V/nD for high speed,climbing and
service propellers.
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Wooden propellers,

=1.
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